The wet steam nucleation zone is usually concentrated in the lower part of the throat. A double fluid numerical model and a shear stress transport (SST) k-ω-k d two-phase turbulence model were derived for the heterogeneous condensation flow of wet steam. The effect of the particle parameters on the condensation flow and the varying patterns of the nucleation rate and degree of super-cooling were investigated. The results show that external particles have a significant influence on the condensation flow, which weakens the condensation wave, restrains the development of thermodynamic imbalance and improves the flow conditions in the cascade.
NOMENCLATURE
A e nucleation area on the particle surface (m 2 ) A ls contact area between the spherical coronal nucleus and the particle (m 2 ) A p particle surface area (m 2 ) A sg contact area between the spherical coronal nucleus and the steam (m 2 ) E energy density (kJ/m 3 ) h t steam enthalpy (kJ/kg) h f g condensation latent heat (kJ/kg) ∆G heterogeneous nucleation induced free energy (kJ) J 0 nucleation rate per unit area of the particle surface (/m Greek symbols γ heat capacity ratio of steam water droplet surface tension (N/m) θ contact angle between the spherical coronal nucleus and the particle ( • ) ρ density (kg/m 3 ) τ micro control element Superscript * critical parameter Subscripts 1, 2, 3 coronal nucleation parameter in 3 phases g vapor phase parameter het heterogeneous condensation parameter hom spontaneous condensation parameter i the ith water droplet l liquid phase parameter m mixture parameter s particle parameter
INTRODUCTION
When pure steam enters a cascade and is far from a solid surface, steam expands beyond the saturation threshold without condensation due to the free energy constraint but continues to expand into supersaturated steam. Spontaneous condensation only occurs when a relatively high degree of subcooling is reached [1] . The entire process is accompanied by a large amount of energy loss [2] . Gyarmathy found that when water vapor contained external particles, water molecule condensation occurred directly on the surfaces of the external particles, which suppressed spontaneous condensation [3] . This condensation process is called heterogeneous condensation. External particles act as condensation nuclei, which decrease the degree of subcooling in the nucleation area, reduce the thermodynamic imbalance and effectively reduce thermodynamic losses [4] . During operation of a thermodynamic system, the working medium in a steam turbine is not pure water vapor but contains a small amount of metal oxide and dissoluble inorganic salt (the most common type is NaCl) [5] [6] [7] . Jonas performed tests and determined that the metal oxide particle concentration in water vapor was approximately 10 8 to 10 11 kg −1 [8] . In comparison, the water droplets generated by spontaneous condensation in the cascade channel had concentrations of approximately 10 16 to 10 17 kg −1 [9, 10] . This indicates that metal oxide particles in water vapor have a relatively small impact on spontaneous condensation flow. However, a NaCl solution with a mass concentration of 10 −10 contains 1.03 × 10 16 kg −1 molecules, and a cluster of NaCl molecules of this concentration is sufficient to act as condensation nuclei. Spontaneous condensation and heterogeneous condensation may occur simultaneously in a cascade. However, the dominant type of condensation is related to the external particle concentration. Gerber [11] developed an inhomogeneous multifluid model for wet steam condensation flow and Zhu Xiaofeng et al. [12] developed a wet steam heterogeneous condensation numerical method within a Euler-Euler framework, provided a Roe flux for heterogeneous condensation, and verified the accuracy of the model. Bolm et al. [13] considered the effect of salinity on the nucleation rate and water droplet growth and provided a model to calculate heterogeneous condensation.
From the perspective of thermodynamic loss, the advantages of heterogeneous condensation mainly include the following: (1) reduced condensation shock waves; (2) suppression of the spontaneous condensation nucleation process and lower condensation latent heat induced flow instability; and (3) decreased spontaneous condensation induced imbalance loss and improvement of the steam turbine's thermal efficiency [14] [15] [16] [17] [18] . Most current studies focus on pure steam; little research has been performed on the effect of salinity and solid particles on the water vapor condensation parameters. Based on spontaneous condensation theory, this paper proposes a heterogeneous coronal nucleation model and a liquid membrane growth model, develops a numerical model for heterogeneous condensation flow, and verifies the accuracy of the model based on the results of the White test. The influence of the external particle concentration on heterogeneous condensation is investigated, and the variations of the nucleation rate and degree of subcooling in the cascade are summarized.
CONSTRUCTION OF MATHEMATICAL MODEL

Construction of Mathematical Model
When steam contains no external particles, the nucleation process mainly depends on water molecule clustering. The nucleus threshold for spontaneous condensation is normally approximately 0.1-1 nm. To investigate the influence of external particles on condensation, the following assumptions are made before creating the heterogeneous nucleation model: (1) the external particles are spherical and have smooth surfaces; (2) the external particles have stable chemical properties and are insoluble in water vapor; and (3) all of the particles have identical dimensions. To obtain the heterogeneous nucleation rate, the coronal nucleus's critical radius and critical free energy should be determined first [19, 21] . The coronal nucleation process is shown in Fig. 1 , in which the particle radius is R p , the coronal nucleus's radius is r het , and the contact angle between the two parts is θ .
The contact angle θ is determined by the surface tensions on the vapor-liquid, solid-liquid and vapor-solid interfaces, the calculation equation is [22] 
The contact area between the spherical coronal nucleus and the vapor is
The contact area between the spherical coronal nucleus and the particles is
The volume of the coronal nucleus is [22] 
Because the final stages of the low pressure cylinder in a steam turbine are at a relatively low pressure and steam of this region can be treated as an ideal gas. The thermodynamic process can be divided into five additional processes:
1. When n vapor molecules are separated from the supersaturated steam, the free enthalpy is constant, it follows that ∆G 1,het = 0;
2. This process is regarded as an isothermal expansion process from a pressure p g to the saturated pressure p s (T g ) [23] [24] [25] , the change of free energy is ∆G 2,het = −ρ l V l RT g ln S;
3. N vapor molecules condense into liquid phase under the condition of constant temperature and pressure, the change of free energy is ∆G 3,het = 0;
4. When the coronal nucleation generated, the gas-liquid surface A lg and solid-liquid surface A sl replace the original gas-solid surface A sg , surface free energy change is ∆G 4,het = σ lg A lg + (σ sl − σ sg )A sl ;
5. The droplet is subjected to isothermal compression from p s ( T g) to p g . Since the liquid phase is incompressible, therefore, the volume and the radius of the droplet remain unchanged. The change of free energy is
∆G 5,het is much smaller than the others. The heterogeneous nucleation generated free energy is obtained by superposition of the first four items
Similar to spontaneous condensation, the critical radius of a heterogeneous water droplet is
Eq. (6) is substituted into Eq. (5)
where f (cos θ , R p /r * het ) is the modified correlation equation of the contact between the coronal nucleus and the external particle surface, which is related to the critical radius r * het and the contact angle R p [26] . Thus, the formula to calculate the heterogeneous nucleation rate is
The coronal nucleation process on a particle surface includes three phases: the coronal nucleation phase, the existing condensation nucleus growth and co-existence with the new nucleus phase, and the water membrane growth phase.
The nucleation area on the coronal nucleation particle surface is [5] 
The humidity control equation in this phase is
In the existing condensation nucleus growth and co-existence with the new nucleus phase, the nucleation area is [5] A e = A p −Ā sl ρ m k het N het (11) In this phase, the humidity control equation is where r het2 = 3
In the water membrane growth phase, a complete water membrane forms on the particle surface. At this moment, it can be treated as a water droplet with no new condensation nucleus on its surface. In this phase, the condensation process is similar to the water droplet growth process. The humidity control equation is
where
Assume that the numbers of external particles and spontaneous condensation water droplets have identical orders of magnitude; the difference in speed between the particle cluster and the local flow is ignored. The spontaneous condensation process was treated as an isolated black box, and the vapor-liquid phases were approximated as open systems that had mass, momentum and an energy exchange with the environment [27] . Based on these approximations, this paper developed a heterogeneous condensation numerical model. Compared with spontaneous condensation, the heterogeneous condensation model has a liquid phase module with different parameters as shown in Fig. 2 .
The function of the vapor phase module is to provide the flow parameters ρ g ,U, p, and T at time n; the liquid phase parameters include the spontaneous condensation parameters and the heterogeneous condensation parameters. The liquid phase module passes these parameters to the nucleation and water droplet growth module to obtain the nucleation rates J het and J hom and the water droplet growth rates dr hom /dt and dr het /dt [28] [29] [30] [31] . Based on these parameters, the nucleation and water droplet growth module calculates the mass condensation rateṁ and the condensation latent heat h f g and feeds them back to the vapor phase module as the source phase for the continuity, momentum and energy equations. The joint control equation calculates the influences of mass transfer and condensation heat emission on the vapor phase flow at time n in the condensation process. The mass condensation rateṁ and nucleation rates J het and J hom are transmitted to the liquid phase module for the control equation to calculate the water droplet quantity and humidity distribution. The condensation flow at time n + 1 is then calculated.
In the vapor phase, the flow control equation is
In Eq. (16), the calculation formulas of viscous stress are as follows:
The heat conduction coefficient equations are as follows:
The equation of mixed gas pressure is
The definition of the Nth order moment is
Equation (24) can be obtained by differentiating Eq. (23) with respect to t:
This method can get any order moment; however, only a moment of 0-2 order has obvious physical meaning. In this paper, the droplet size distribution is composed of zero, first and second-order moment functions. The three functions are as follows:
In the liquid phase, the control equation is
Due to the influence of external particles, the humidity calculation should consider spontaneous condensation and heterogeneous condensation [32] . The humidity calculation formula is
Similarly, the mass condensation rateṁ includes spontaneous condensation and heterogeneous condensation. The first part is the spontaneous condensation nucleation induced phase transition mass, and the second part includes the heterogeneous condensation and water droplet growth induced phase transition mass. The mass condensation rate iṡ
The quantity of external particles is determined by the inlet conditions. When N het = 0, only spontaneous condensation occurs. In fact, condensation generates a series of water droplet classes with various dimensions, and each class contains various quantities of water droplets. Because the distribution of wet steam water droplets follows a certain pattern, the water droplet quantity and water droplet radius in this paper are described using the average parameters. The two-phase turbulent flow model is based on the shear stress transport (SST) k-ω-k d model, which accurately captures the flow pattern of the condensation flow field in a high resolution second-order total variation diminishing (TVD) format for discrete processing. The SST k-ω model calculates the attached flow more accurately than the k-ω model.
PHYSICAL MODEL
The low pressure cylinder in a 660 MW steam turbine contains six stages. In the 5th stage stator cascade, which is the object of study of this paper, the blade spacing is 87.59 mm, the blade chord length is 137.51 mm, the rated outlet Mach number is 1.2, the inlet angle is 0 • , the outlet angle is 71 • , the blade installation angle is 45.32 • , and the cascade channel expansion ratio is -1156 s −1 . The cascade's inlet and outlet are under pressure boundary conditions, the cascade channel is under periodic boundary conditions, and the blade surface is under fixed wall boundary conditions. The grid partitioning is shown in Fig. 3 . The cascade channel is modeled as a non-structural quadrilateral grid. The grids for the blade surface, trailing edge, and channel throat are densified. The non-structural quadrilateral grid adapts to the irregular cascade channel model well. Most grids are arranged in the same direction as the flow, which improves the convergence speed and the calculation accuracy.
NUMERICAL SIMULATION RESULTS AND ANALYSIS
To verify the accuracy of the heterogeneous numerical model, condition W1 in [14] is studied, and the heterogeneous condensation flow is calculated. Under these conditions, the inlet temperature is 350 K, the inlet pressure is 41.9 kPa, the inlet particle concentration is 2.876 × 10 14 m −3 , the inlet particle radius is 60 nm, the outlet pressure is 17.8 kPa, and the outlet Mach number is 1.2. Figure 4 shows the calculated blade surface pressure ratio versus the test results under the W1 conditions. The results show that the pressure surface calculated by the proposed model is very similar to the White forecast and the test results. However, the calculated result at 60-70% of the axial chord length on the suction surface is different. This segment is the wet steam nucleation area, where the flow expands rapidly and generates a large quantity of condensation nuclei. The released condensation latent heat leads to a pressure jump and a deviation between the test results and calculated results. In contrast to the White forecast, the proposed model captured the pressure jump on the blade surface. However, the pressure ratio forecast at 62-79% of the axial chord length on the suction surface is less than the test results. This is mainly due to the mutual interference between the condensation shock waves and the shock waves in the cascade, which increases the flow complexity, affects the blade surface boundary status and makes simulations in this area challenging.
The results reveal that when the outlet Ma > 1, a shock wave forms in the cascade channel, and as Ma increases, the strength and position of the shock wave change accordingly. Because interference between the shock wave and the boundary layer has a significant influence on the wet steam loss, accurately capturing the shock wave is an important aspect of the mathematical model. Figure 5 shows the numerical pattern of the wet steam density, which includes two shock waves at the blade's trailing edge. The shock wave at the end of the pressure surface generated a reflected shock wave after it reached the suction surface. The position and type of the shock wave match the wind tunnel White test results (Fig. 6) [14] . These results verified the reliability of the proposed model.
The factors that affect heterogeneous condensation primarily include the particle concentration and the particle radius. When the particle concentration is small, the number of condensation nuclei is not enough to make the vapor molecules fully condensed. With the increase of the particle concentration, the heterogeneous condensation gradually dominates, which significantly changes the flow pattern. When the particle concentration in the steam is large enough, these particles can be used as the condensation nuclei. When the steam passes over the saturation line, it begins to condense around the condensation nuclei. As the condensation process proceeds, the particles gradually grow into droplets. Therefore, it is of great significance to study the effect of particle concentration on condensing flow.
The external particles actually do not have identical dimensions and should be grouped according to their radius and calculated via statistical methods. To simplify the analysis, the particle sizes are assumed to be identical in this paper. The cascade inlet temperature is set to 350 K, the inlet pressure is set to 41.9 kPa, the outlet pressure is set to 17.8 kPa, and the outlet Mach number is set to 1.2. The parameters of the external particles under these conditions are listed in Table 1 .
Because the critical radius of spontaneous condensation is approximately 1 nm, the external particle radius under conditions W-1-1 to W-1-6 is also set to 1 nm, and the external particle concentrations are set to 1.00 × 10 14 to 1.00 × 10 16 /m 3 . Figure 7 shows the distribution of nucleation rates in the cascade channel under different external particle concentrations. The internal pressure distribution of the cascade channel shows that when N het = 1.00 × 10 14 /m 3 , heterogeneous condensation has an insignificant influence on the flow. As the particle concentration increases, the position of the condensation shock wave gradually moves downstream toward the cascade throat, and the shock wave's strength decreases gradually. Figure 7 shows that when N het < 1.00 × 10 14 /m 3 , spontaneous condensation in the wet steam flow is still dominant, and the external particles have a relatively small influence on the condensation flow. However, as N het increases, the proportion of heterogeneous condensation increases gradually; when N het > 1.00 × 10 16 /m 3 , heterogeneous condensation is dominant in the wet steam flow, and spontaneous condensation nearly disappears. It is worth noting that when 1.00 × 10 14 < N het < 1.00 × 10 16 /m 3 , spontaneous condensation and heterogeneous condensation co-exist. Figure 8 shows the degrees of subcooling at various particle concentrations.
The results show that as the particle concentration increases, the spontaneous condensation induced condensation shock waves gradually decrease and disappear. However, when N het < 1.00 × 10 15 /m 3 , the maximum degree of subcooling does not decrease because that quantity of external particles is insufficient, so the heterogeneous condensation slows down but fails to suppress the flow imbalance. Furthermore, the throat downstream has a higher Mach number, which maintains the degree of subcooling at 70-80% of the axial chord length on the suction surface at a high level. In Fig. 8 , the average degree of subcooling at the cascade outlet under conditions W-1-6 is approximately 14 K, while the degree of subcooling at the spontaneous condensation cascade outlet is approximately 42 K.
The heterogeneous condensation flow varies significantly compared to the spontaneous condensation flow. On the cascade suction surface, the pressure jump in the heterogeneous condensation flow is significantly lower than that in the spontaneous condensation flow. The level of flow imbalance decreases significantly. In the cascade channel, the average degree of subcooling near the trailing edge of the spontaneous condensation flow is 42 K, while in the heterogeneous condensation flow of N het > 1.00 × 10 16 /m 3 , the average degree of subcooling near the trailing edge is less than 15 K. In the relatively low imbalanced state, new water droplets form on the particle surface and gradually grow, the degree of subcooling always remains relatively low, and sufficient external particles maintain the steam at approximately the balance state. The pressure jump level on the suction surface decreases, which reduces the accumulation of an adverse pressure gradient. No boundary layer isolation is observed at the suction surface outlet, and the strength of the trailing vortex also decreases.
In addition to the particle concentration, the particle radius also affects the heterogeneous condensation flow. Because the critical radius of spontaneous condensation is approximately 1 nm, the external particle radius under conditions W-1-1 to W-1-6 is also set to 1 nm. In fact, the particle radius is not uniform. Therefore, it is necessary to study the influence of particle radius on condensation flow. Assume that the particle concentration is always 1.00 × 10 15 /m 3 and the particle radii are 1, 10, 20, 30, 40 and 50 nm. Figure 9 shows the distribution of nucleation rates for various particle radii.
A comparison between Figs. 7 and 9 shows that the particle concentration has a greater impact on the heterogeneous condensation, while the particle radius has an insignificant impact on the heterogeneous nucleation rate. As the particle radius increases, the spontaneous nucleation area shrinks relatively slowly. This indicates that particles with a relatively large radius have a stronger suppression effect on spontaneous condensation. As the particle radius increases, the condensation shock waves gradually move downstream. However, the strength of the condensation shock wave does not decrease significantly. This result shows that the particle radius also has an influence on the heterogeneous condensation flow but that the influence is relatively small.
CONCLUSIONS
When vapor contains external particles, they effectively improve the wet steam flow conditions and reduce the imbalance condensation flow induced thermodynamic losses. Based on spontaneous condensation theory, this paper proposed a heterogeneous coronal nucleation model and a liquid membrane growth model and analyzed the effects of the particle concentration and particle radius on the heterogeneous condensation flow. The influence of the external particle concentration on heterogeneous condensation is investigated, and the variations of the nucleation rate and degree of subcooling in the cascade are summarized. The results show the following:
1. The heterogeneous condensation flow varies significantly compared to the spontaneous condensation flow. On the cascade suction surface, the pressure jump in the heterogeneous condensation flow is significantly lower than that in the spontaneous condensation flow. The level of flow imbalance decreases significantly. In the relatively low imbalanced state, new water droplets form on the particle surface and gradually grow, the degree of subcooling always remains relatively low, and sufficient external particles maintain the steam at approximately the balance state. The pressure jump level on the suction surface decreases, which reduces the accumulation of an adverse pressure gradient. No boundary layer isolation is observed at the suction surface outlet, and the strength of the trailing vortex also decreases.
2. The external particle concentration is the primary factor that affects the heterogeneous condensation. When N het = 1.00 × 10 14 /m 3 , spontaneous condensation is dominant. When 1.00 × 10 14 < N het < 1.00×10 16 /m 3 , spontaneous condensation and heterogeneous condensation co-exist, and the two have similar effects on the condensation flow. When N het > 1.00 × 10 16 /m 3 , heterogeneous condensation is dominant, and the vapor stays near the equilibrium state through the entire flow process.
3. The particle radius also affects the heterogeneous condensation flow. Particles with relatively large radii have a greater suppression effect on spontaneous condensation. As the particle radius increases, the condensation shock waves gradually move downstream. However, the strength of the condensation shock wave does not decrease significantly.
